Reionization, the only phase transition in the Universe since recombination, is a key event in the cosmic history of baryonic matter. We derive, in the context of the large-scale bias expansion, the imprints of the epoch of reionization in the large-scale distribution of galaxies, and identify two contributions of particular importance. First, the Compton scattering of CMB photons off the free electrons lead to a drag force on the baryon fluid. This drag induces a relative velocity between baryons and CDM which is of the same order of magnitude as the primordially-induced relative velocity, and enters in the evolution of the relative velocity as calculated by Boltzmann codes. This leads to a unique contribution to galaxy bias involving the matter velocity squared. The second important effect is a modulation of the galaxy density by the ionizing radiation field through radiative-transfer effects, which is captured in the bias expansion by so-called higher-derivative terms. We constrain both of these imprints using the power spectrum of the BOSS DR12 galaxy sample. While they do not lead to a shift in the baryon acoustic oscillation scale, including these terms is important for unbiased cosmology constraints from the shape of the galaxy power spectrum.
I. INTRODUCTION
The evolution of baryonic matter in the Universe is characterized by two phase transitions: the first, recombination, happened at redshift z * ≈ 1100, after which baryons formed a neutral gas and were decoupled from radiation. The second phase transition, reionization, happened at some point between z re ∼ 6 and z re ∼ 20. After reionization, baryons were essentially fully ionized again. The history of reionization is not nearly as well determined as that of recombination (see [1, 2] for reviews). The reason for this is that the radiation sources that brought about this phase transition are surmised to be stars, explosive events such as supernovae, or accreting black holes; that is, highly nonlinear objects whose formation is incompletely understood. On the other hand, the progenitors of galaxies observed in the low-redshift Universe were actively forming around the epoch of reionization, which is thus expected to have strong effects on these progenitors. For example, reionization is one of the possible explanations for the suppression of the stellar-mass-to-halo-mass ratio M * /M h observed in lowmass galaxies today [3, 4] .
While it is thus well established that reionization can strongly affect the mean number density of tracers (for example, galaxies identified at fixed stellar mass), much less study has been devoted to the question of how reionization affects the large-scale clustering of observed galaxies. In this paper, we address this question, focusing on scales much larger than the nonlinear scale, k NL ∼ 0.3 h Mpc −1 or R NL ∼ 20 h −1 Mpc today, where perturbation theory applies. On these scales, the clustering of galaxies can be related to that of the total matter distribution through a perturbative bias expansion (see [5] for a comprehensive overview). Thus, the key question we attempt to address is: Which additional contributions does reionization add to the bias expansion?
In particular, we will study three distinct physical effects:
• Compton drag
• pressure forces
• radiative-transfer effects.
As we will see, the second and third contributions are captured by terms in the bias expansion, so-called higherderivative terms, that are well known and present already even when all non-gravitational effects are neglected. Reionization will however affect the magnitude of these contributions; in particular, the radiative-transfer effects could lead to significant effects on comoving scales of order 50 h −1 Mpc. On the other hand, the effect of Compton drag leads to contributions that are distinct from all previously considered terms in the bias expansion of galaxies.
Our considerations involve two steps. First, we consider the physical mechanisms by which reionization can influence galaxy formation, by way of the evolution of the large-scale baryon density (Sec. II). Then, allowing for the galaxy density to depend on the baryon density along its entire past history, and within a finite region, we write down the contributions to the general perturbative galaxy bias expansion (Sec. III).
This result then allows us to constrain the amplitude of the Compton drag and radiative-transfer effect on galaxies using the data release 12 (DR12) sample from the Baryon Oscillations Spectroscopic Survey (BOSS). These constraints are presented in Sec. IV. We conclude in Sec. V.
We spell out the complete expression for the 1-loop galaxy power spectrum which is being fitted to the data in App. A. App. B provides an estimate of the adiabatic decaying mode induced by pre-recombination plasma oscillations, which has so far not been considered in essentially all studies on galaxy bias. We show that it is very small even during the dark ages before reionization, and, thus, that it can indeed be neglected.
We assume a flat ΛCDM fiducial cosmology with Ω m = 0.31, Ω b h 2 = 0.022, h = 0.676, σ 8 = 0.824, n s = 0.96 and m ν = 0.06 eV, which is the fiducial cosmology used in the BOSS data analysis. Numerical results have been obtained from the Boltzmann code CAMB [6] , in the version of January 2016.
II. REIONIZATION EFFECTS ON THE BARYON DISTRIBUTION
In this section, we consider the effects of reionization on the large-scale baryon density and velocity. As a starting point, we will work to linear order in perturbation theory, as the effects are small on large scales, and the nonlinear scale R NL , i.e. the spatial scale within which the fractional rms density contrast is order one, is very small at high redshifts. The incorporation of nonlinear evolution will then be considered in the next section.
A. Compton drag
On large scales, both baryons and CDM can be described as pressureless fluids which are coupled by gravity (we will consider baryonic pressure below). Then, at linear order in perturbations, their velocities v b , v c each follow the linearized Euler equation,
where primes denote derivatives w.r.t. conformal time τ , H = a /a, and the gravitational potential Φ obeys the Poisson equation,
where Ω m (τ ) is the ratio of the mean matter density to the critical density, and δ m is the fractional perturbation in the matter density. This is in turn given by the fractional density perturbations δ b , δ c in baryons and CDM, respectively, through
where f b = Ω b /Ω c is the ratio of mean baryon and mean CDM densities. Correspondingly, the matter velocity is given by
Eq. (1) states that the relative velocity v r between baryons and CDM is not sourced, and obeys
The source-free nature remains true also at nonlinear order. Thus, in terms of the relative velocity v r (τ in ) ≡ v bc at some initial time τ in , we have
and the relative velocity decays as 1/a. Here, we have adopted the commonly used notation v bc for the initial conditions of the relative velocity v r . Before recombination, the baryons were tightly coupled to photons. This coupling led to an effective force term on the r.h.s. of the Euler equation Eq. (1) for baryons (see below), which induces a relative velocity. After recombination, this velocity v bc , which we will refer to as the "primordial contribution" from now on, decays following Eq. (6). The impact of this relative velocity on large-scale structure was first pointed out by [7] (but see also [8, 9] ) and has been studied extensively since then [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Let us now consider what happens during and after reionization. As soon as the ionization fraction is significant, the gas is weakly coupled to the freely streaming relic photons of the cosmic microwave background (CMB) through Compton scattering. Specifically, the photons scatter off the electrons, which in turn are bound to the nuclei through Coulomb forces. Due to the significantly diluted baryon density as well as redshifted relic radiation at the epoch of reionization, this coupling is much weaker than that before recombination. Nevertheless, we will see that it is not negligible in terms of the baryon-CDM relative velocity. In this subsection, we will keep the speed of light c explicit. Note that this means that the gravitational potential Φ has units of c 2 . Each electron elastically scatters photons at a rate of σ T n γ c, where σ T is the Thomson cross section, and n γ is the number density of photons. The momentum transfer in each scattering is approximately k B T γ , where T γ = 2.73(1 + z) K is the radiation temperature, since the photon momentum is much smaller than that of the electron. Integrating over the photon energy, the total momentum transfer rate on a single electron is σ T u γ , where
1e-09 Transfer function for the divergence of the baryon-CDM relative velocity θr (divided by H0 to be dimensionless) at z = 0. We show the primordial contribution, obtained by using a pre-reionization transfer function output from CAMB evolved to z = 0, as well as the Compton-drag and pressure contributions as estimated in the text [Eq. (14) and Eq. (20); we have adjusted the value of α0 from the approximate estimate Eq. (10) by ∼20%]. Also shown is the total transfer function, as well as the output from CAMB at z = 0, which agrees well. All transfer functions are normalized so that Tm(k → 0, z = 0) = 1.
is the energy density of radiation. However, since the radiation field is close to isotropic (radiation density perturbations are at the level of 10 −4 and negligible here), an electron at rest in the CMB rest frame experiences no net force. If the electron moves with velocity v γe relative to the CMB rest frame, it experiences a drag due to the fact that there is a radiation dipole given by (v γe /c)T γ in the electron rest frame. Thus, the drag force on the electron is
Multiplying this by the electron density yields the force density f e = n e F e , which, via the Coulomb coupling between electrons and nuclei, contributes to the r.h.s. of the baryon Euler equation through af e /ρ b , where ρ b is the baryon density (the factor of a arises because we have written the Euler equation in terms of ∂/∂τ ). Choosing the CMB rest frame as defining the global coordinate system, as is usually done, we have v γe = v b . Adding this to Eq. (1), we have
where x e (τ ) is the electron ionization fraction, and the dimensionless function α is given by
and Y e ≈ 1.08 is the electron molecular weight, m p is the proton mass, and E(z) = H(z)/H 0 is the scaled Hubble rate.
We finally obtain the equation of motion for the baryon-CDM relative velocity, at linear order in perturbations, in the presence of Compton drag:
Here, we have approximated the baryon velocity with the total matter velocity v. This approximation is sufficient, since the difference between v b and v is suppressed by 2-3 orders of magnitude, while, as we will see, the contribution on the r.h.s. of Eq. (11) is itself already highly suppressed. Moreover, since we are working at linear order in perturbations, the contribution from Eq. (11) simply adds to the primordial relative velocity of Eq. (6). We can then immediately integrate Eq. (11) to obtain
where D(τ ) is the linear growth factor while f ≡ dD/d ln a is the growth rate. Taking the divergence of Eq. (12), we obtain
where θ bc = ∇ · v bc . Thus, Compton drag leads to a source term for the relative velocity divergence between baryons and CDM which is given by the matter velocity divergence θ = −δ m , which is in turn proportional to the matter density perturbation at linear order. Fig. 1 shows this contribution to the baryon-CDM relative velocity at redshift z = 0, where we have assumed instantaneous reionization at z re ≈ 11.8 (as determined by CAMB from the given optical depth). Here, the transfer function is defined as
where Ω m0 is the matter density parameter today, the growth factor D(z) is normalized to D(z) = 1/(1 + z) during matter domination, and R is the primordial superhorizon curvature perturbation. We similarly define the transfer function for other quantities. Note that T m (k) ≡ T δm (k, z = 0) → 1 for k 0.01 h Mpc −1 using this normalization. We thus see that, at z = 0, the baryon-CDM relative velocity is suppressed by more than four orders of magnitude compared to the velocity of the adiabatic growing mode (using that
We also show the primordial contribution in Fig. 1 , obtained by scaling the pre-reionization CAMB prediction for θ r to z = 0 using the 1/a scaling [Eq. (6) ]. In fact, this contribution is a factor of a few smaller than the Compton-drag contribution at z = 0. It shows strong baryon acoustic oscillation (BAO) features, which are absent in the Compton-drag contribution, being proportional to the matter velocity. The primordial relative velocity is suppressed on scales k 0.03 h Mpc −1 , corresponding to scales outside the sound horizon at recombination. This suppression is not present in the Comptondrag contribution, since all perturbations within the comoving horizon at the given redshift contribute to the local CMB dipole. Finally, we see that the sum of the two contributions (thick yellow line) agrees extremely well with the transfer function for θ r output by CAMB at z = 0, for k 2 h Mpc −1 . This shows that these two con-tributions indeed completely determine the baryon-CDM relative velocity on large scales. The strongly rising contribution on small scales will be considered in the next section. Fig. 2 illustrates the redshift evolution of the primordial and Compton-drag contributions. While the primordial contribution strictly decays as 1/a, the Comptondrag contribution shows a peak at intermediate redshifts. This can be understood from Eq. (13) . In matter domination and assuming instantaneous reionization at a re = (1 + z re ) −1 , Eq. (13) allows for an analytical solution, yielding
for a > a re (C drag is trivially zero otherwise). For z re ≈ 11, the largest value is obtained at z ∼ 6 − 7, with C drag ∼ 2.5 × 10 −4 . At higher redshifts, not enough time has elapsed since reionization for the Compton drag to have an effect, while at lower redshifts, the decay of peculiar velocities together with the rapid redshifting of the momentum flux in the CMB radiation suppress the drag-induced relative velocity. The magnitude of the numerical result at z = 4 shown in Fig. 2 also matches the expectation from Eq. (16) . We will use this estimate for our order-of-magnitude estimates below. It is also worth pointing out that, after hydrogen reionization is complete, the reionization of HeII [22] supplies additional electrons, and will thus contribute to the Compton drag.
The fact that the primordial and Compton-drag contributions to the baryon-CDM relative velocity originate from different epochs and scale differently with time shows that we have to include them separately in the galaxy bias expansion. We will turn to this in Sec. III. Fig. 1 shows that, while the prediction of the lowredshift baryon-CDM relative velocity from CAMB is accurately represented as due to primordial and postreionization Compton drag, this no longer holds on very small scales. We now show that the small-scale contribution to v r is due to pressure. Pressure perturbations add a term −ρ 
B. Pressure forces
we then obtain at linear order
where we did not include the Compton-drag term. Since we are working at linear order in perturbations, it suffices to consider these contributions separately. Again, the factor of a(τ ) is due to our use of conformal time. We see that, due to the additional derivative, these pressure perturbations become relevant on small scales, depending on the sound speed. For reference, the sound speed of atomic hydrogen (m = m p , γ = 5/3) is given by
Subtracting the dark matter velocity and taking the divergence of Eq. (18), we have
Here, we have again approximated δ b ≈ δ m , as the difference is at the percent level on large scales [20, 23] .
The second term in Eq. (21) contains the effective sound speed c s,CDM eff of dark matter. While cold dark matter is pressureless microscopically, an effective sound speed (along with anisotropic stress) is present when coarsegraining the dark matter velocity field on finite scales [24] [25] [26] , which accounts for the breakdown of the fluid approximation on nonlinear scales.
Eq. (20) shows that the pressure contribution to the baryon-CDM relative velocity is captured by a so-called higher-derivative term, ∇ 2 δ m (see Sec. 2.6 of [5] for an overview). Fig. 1 shows that this contribution describes perfectly the small-scale contributions to the baryon-CDM relative velocity as calculated by CAMB. Here, we have estimated C p using the adiabatic scaling for the gas temperature,
, and matched c s,0 to the CAMB result. This yields
which corresponds to a temperature today of ∼ 3 K. Given the absence of heat sources in CAMB, this is roughly the expected magnitude of the gas temperature today. Of course, the actual evolution of the relative velocity between baryons and CDM on these very small scales, which are in the fully nonlinear regime at low redshifts, is very different from that predicted by CAMB. In reality, the first stars photo-heat the gas to much higher temperatures, T ∼ 10 4 K, which correspondingly increase the pressure forces. Nevertheless, we will see in the next section that the effect of pressure is still expected to be subdominant compared to the effects of ionizing radiation on large scales.
C. Radiative-transfer effects
The epoch of reionization had a significant effect on the thermal state of the gas, and thus strongly affected the process of galaxy formation (see [1, 2] for reviews). While before reionization, the rate of gas accretion onto halos was set by the cooling time of the gas, the rapid heating of the gas by reionization, to temperatures of order 10 4 K, led to photo-evaporation of gas from low-mass halos [4] , and halted the accretion onto halos with masses below the now greatly increased Jeans mass (as M J ∝ T 3/2 ). For reference, the Jeans mass for an ideal monatomic gas of T = 10 4 K is M J ≈ 1.7 × 10 7 h −1 M , corresponding to a comoving Jeans scale of λ J ≈ 0.08 h −1 Mpc. This in turn suppressed the formation of galaxies in such lowmass halos [3] . On the other hand, these effects are not expected to have strongly affected the formation of galaxies in halos that were much more massive than M J around reionization. Now, for the purposes of describing galaxy clustering, the key question is whether this suppression happened in a spatially homogeneous fashion, or was modulated by large-scale perturbations. On small scales, reionization most likely occurred in a highly inhomogeneous fashion. The first sources of ionizing radiation propagated ionization fronts into the neutral medium, forming Stromgren spheres of ionized, heated gas (if the sources emitted a significant fraction of X-rays, such as expected for active galactic nuclei and microquasars, then the gas outside of the ionization front might also have been heated appreciably). One thus expects that, for halos not much more massive than M J , the probability of forming a galaxy within a given halo will depend on the local ionizing background, and thus on the presence of such an ionizing source in the neighborhood of the proto-galaxy during reionization. On the other hand, as soon as the Stromgren spheres overlapped and the Universe was largely ionized, the ionizing background is determined by an average over a volume of order the mean free path of photons, and so became approximately homogeneous. In this regime, the modulation of the galaxy density by radiative-transfer effects is suppressed.
In order to make progress, we now assume that the radiative-transfer effects can be captured by allowing for the abundance of galaxies n g (x, z), more precisely, the progenitors of galaxies observed at lower redshifts, to depend on the local, spherically averaged flux J ion of ionizing radiation (see [27] for a detailed discussion),
where I ν is the specific intensity of the local radiation field incident on the proto-galaxy, and 912Å is the wavelength corresponding to the Lyman limit. We thus write
where F [J ion ] is a (most likely nonlinear) function. Ignoring any scattering, the flux of ionizing radiation is given by
where ion is the emissivity per unit volume of ionizing radiation (see e.g. [28] for recent observational constraints), understood as the effective emissivity that enters the intergalactic medium (IGM), i.e. after the escape fraction is applied. Further,τ (x, y, z) is the optical depth of ionizing radiation at redshift z between points x and x + y,
where n HI is the number density of neutral hydrogen, and σ bf is the bound-free cross section. All of ion ,τ , σ bf are understood to be averages over frequency [cf. Eq. (23)] weighted by the source spectra. We have also approximated the lightcone integrations as spatial integrations at fixed time, since the mean free path of ionizing photons is much smaller than the horizon during reionization. We thus see that the integral in Eq. (25) extends over a region whose size is of order the local mean free path of ionizing radiation, which is given by λ ion = 1/(n HI σ bf ). This means that the abundance of galaxies depends in detail on the distribution of sources within λ ion , as well as the ionization fraction which determines n HI . Let us then consider what this implies for a largescale perturbation in the source density with wavelength much greater than λ ion ; analogous reasoning applies to variations in the ionization fraction, which themselves are controlled by the emissivity.
where we have dropped the redshift argument for clarity, and assumed that the mean free path is spatially uniform. If the perturbation in ion has a wavelength much longer than λ ion , then we can perform a formal Taylor series of δ (x + y) around x to obtain
We have dropped the term at linear order in y, y · ∇δ , as we are interested in the case where we average over small-scale fluctuations. Since there is no other preferred direction, the term ∝ ∇δ has to vanish after this averaging. In the second line, we have performed the now trivial integrations over y, and related the integral over the mean emissivity to the mean intensityJ ion of ionizing radiation. Clearly, this is modulated by the perturbation in emissivity. In the limit of small mean free path of ionizing radiation λ ion → 0, this modulation is local in the perturbation to the emissivity. The leading correction from the finite distance which ionizing radiation travels is captured by the last term, which involves ∇ 2 δ , and is multiplied by a coefficient of order λ 2 ion . This shows that the radiative-transfer effects on the clustering of proto-galaxies can, on large scales, be captured by the same higher-derivative terms which are induced by pressure [cf. Eq. (20)]. However, instead of the sound horizon, the amplitude of these terms is now set by the mean-free path of ionizing radiation λ ion . Here we have assumed that the fluctuations in the emissivity, loosely speaking the source density, of ionizing radiation themselves trace the matter density on scales of order λ ion . This is likely to be a good physical approximation. A similar reasoning applies to the modulation of the neutral hydrogen density n HI , which determines the local modulation of λ ion . While distinguishing between the modulation of the ionizing background and the modulation of the mean-free path is important for understanding the physics of reionization and the high-redshift IGM, from the point of view of large-scale galaxy clustering, their effects are both captured by the higher-derivative expansion and thus phenomenologically the same.
Carrying the expansion in Eq. (28) to higher order, we obtain higher powers of derivatives, such as λ 4 ion ∇ 4 δ , as well as nonlinear terms in δ . These contributions to the galaxy density are only suppressed if one considers the clustering of galaxies on scales r much larger than λ ion . If r ∼ λ ion , the perturbative treatment of the radiativetransfer effect breaks down. Thus, for galaxies whose progenitors were significantly affected by photo-ionization and heating, λ ion could set a lower limit on the scales on which their clustering statistics can be described perturbatively. Our task thus is to estimate the size of λ ion .
Since n HI decreases as a function of time, both due to the cosmological expansion and the increasing ionization fraction, one expects λ ion to increase. This is confirmed by observations from quasar spectra. Ref. [29] report values in comoving units of λ ion = 44 h −1 Mpc − 86 h −1 Mpc at redshifts z = 5.2 − 4.6, which were evaluated for Lyman-limit photons of 912Å. Similarly, Ref. [30] find significant variations in the optical depth, averaged along the line of sight over bins of comoving width 50 h −1 Mpc, of the Lyα forest at z ∼ 5 − 6 (note that they attribute these variations to fluctuations in the mean-free path rather than the UV emissivity; however, as discussed above, the relevant scale for the modulation of galaxy clustering is still the mean λ ion ). Over this redshift range, the bulk of the IGM is already ionized, i.e. the epoch of reionization is essentially completed. If photoevaporation and heating effects are still relevant at these relatively low redshifts for the galaxy sample under consideration, they could lead to a significant imprint in the clustering of galaxies at comoving scales in the same range. If on the other hand the effects of the ionizing radiation on galaxy formation cease soon after reionization is completed, then the relevant value of λ ion is likely to be significantly smaller.
We reiterate that for galaxies residing in massive halos (M h M J ∼ 10 7 h −1 M ), the radiative-transfer effects are not expected to be relevant, as the heating of the gas does not significantly affect their accretion of gas from the IGM. One thus expects that any signature of these radiative-transfer effects will be a strong function of parent halo mass. Note that higher-derivative contributions are also present for dark matter halos even when considering gravity only. In that case however, the relevant scale is the Lagrangian radius (3M/4πρ m ) 1/3 [31] [32] [33] [34] [35] .
III. CONTRIBUTIONS TO THE GALAXY BIAS EXPANSION
We now turn to deriving the leading contributions to the general galaxy bias expansion induced by the three physical effects discussed above: Compton-drag, pressure forces, and radiative-transfer effects. The bias expansion is defined as an expression for the galaxy density field of the form [5] 
Here, n g is the local number density of galaxies, whilen g is the mean at fixed conformal time or redshift. O stands for operators constructed out of the density field, tidal field, baryon-CDM relative velocity, and so on. Each operator has a bias coefficient b O which is specific to any given galaxy sample and only depends on time, and in general needs to be determined by fitting to galaxy statistics, as we will do in the following. Strictly speaking, the operators O need to be renormalized in order to obtain a meaningful perturbative expansion [36] [37] [38] [39] [40] . For the purposes of this paper, this is a technical detail and not essential for the developments that follow. The operators O can be further classified by the number of fields they contain (for example, O = δ m is first order, while δ 2 m is second order, and so on), and by the number of spatial derivatives involved. Any operator that involves spatial derivatives on the matter density or tidal field is defined as a higher-derivative operator. The significance is that these terms only become relevant on small scales. As already mentioned above, the pressure and radiative-transfer contributions enter as such higherderivative terms, which have been considered previously. On the other hand, Compton drag leads to unique contributions that are new to the bias expansion Eq. (29) . In this section, we revert to units where the speed of light c = 1. Hence, H 0 ≈ (3000 h −1 Mpc) −1 . We also denote δ ≡ δ m , since δ b , δ c will no longer appear in what follows. The baryon-CDM relative velocity v r is a local observable, and hence must be included in the general perturbative galaxy bias expansion.
Linear order
We begin with the expansion at linear order, where there is only one contribution from the relative velocity, θ r [20] , given in Eq. (14):
In general, galaxies observed at some time τ can depend on the relative velocity at any time during their formation history. Thus, fully generally at linear order, the contribution of a relative velocity divergence to the bias relation is given by an integration over the past fluid trajectory,
where F θr (τ, τ ) is a kernel specific to the galaxy sample considered, and x fl (τ ) denotes the fluid trajectory (geodesic) leading to the spacetime location (x, τ ); at lowest order in perturbations, this is simply x fl = x = const. As is clear from Eq. (30), there are two large-scale contributions to θ r with different time dependences: the recombination contribution θ bc a in /a, and the Compton-drag contribution C drag θ = −C drag Hf δ, where we have used the linear continuity equation for matter. We can then formally perform the time integral in Eq. (31), leading to
where the bias parameters b bc θ and b drag,θ are given by integrals of the kernel F θr against the specific time dependences of each term. Usually, these parameters need to be determined by a fit to the data.
The first term is just the primordial contribution considered in [19, 20] . The second term is induced by Compton drag. However, it is identical in shape to the ordinary linear bias contribution b 1 δ, and thus already taken into account when allowing for b 1 to be a free parameter. We thus see that, at linear order, the bias expansion is unchanged from that described in [20] . Note that, if a post-reionization transfer function output of a Boltzmann code is used to calculate θ bc , then b bc θ captures a mixture of the primordial baryon-CDM velocity and Compton-drag effects. Thus, if one is interested in the former effect, a pre-reionization transfer function output should be used to calculate θ bc , as was done in [41] .
Nonlinear order
We now turn to the nonlinear bias expansion. As argued in [20] , the displacement between the baryon and CDM fluids induced by the primordial relative velocity is very small, much smaller than the scales amenable to a perturbative description. This still holds even when the Compton-drag contribution is included. Thus, it is sufficient to treat both baryons and CDM as traveling along the same fluid trajectory x fl (τ ). The effect of the relative displacement is then captured perturbatively by higher-derivative terms [20] .
Following [20] , the terms introduced into the general nonlinear bias expansion by the baryon-CDM relative velocity consist of all combinations of v i r and ∂ i v j r with the terms that appear in the standard bias expansion which considers only the adiabatic growing mode of the baryon-CDM system [39, 40] . Ref. [20] provides a complete list of these terms for the primordial contribution v bc . We now consider which additional terms are added by the Compton-drag contribution. First, for each term which involves v i r without a derivative, we obtain the corresponding terms by separating v r into v bc (the primordial contribution) and v (the Compton-drag contribution). For example, the term v 2 r , which was first pointed out by [7] , leads to
which corresponds to the quadratic order effect of Compton drag (as argued above, the linear order contribution is degenerate with the ordinary density bias), the coupling between Compton drag and the primordially produced relative velocity, and the previously considered primordial relative velocity squared. Note that, in the absence of non-gravitational forces, operators in the bias expansion which involve the matter velocity without any derivatives are forbidden by the equivalence principle. However, the local CMB radiation corresponds to a locally identifiable preferred frame, with respect to which the velocity is defined.
Next, consider the terms involving ∂ i v j r . The Compton-drag contribution to these terms thus contains ∂ i v j . Crucially, ∂ i v j can be captured by operators that appear in the standard, adiabatic bias expansion, since the Euler equation can be used to relate ∂ i v j to the tidal field [40] . Thus, the Compton-drag contributions to the terms of this type are entirely degenerate with operators appearing in the standard adiabatic bias expansion, and do not need to be considered further. In fact, the linear Compton-drag term ∝ θ considered above is the simplest example of this.
To summarize, the additional terms induced in the galaxy bias expansion by Compton drag are up to third order given by
where the tidal field K ij is defined through
The second-order terms contribute to the bias expansion Eq. (29) through
and appear both in the galaxy three-point function (or bispectrum) and the leading nonlinear (1-loop) correction to the galaxy power spectrum. The third-order terms do not contribute to the galaxy power spectrum at this order, since their contributions are renormalised into lower order bias parameters [20, 36, 38] . We will thus focus on the quadratic terms in Eq. (35) in the following. As discussed in [5, 20] , there is also an independent stochastic term associated with each of these operators. These do not appear at the level of the 1-loop galaxy power spectrum and tree-level bispectrum however. In the next section, we will present constraints on the bias parameters b drag , b drag.bc from the BOSS DR12 sample. First, let us provide a very rough estimate for the magnitude of these bias coefficients. Ref. [10] argued, in the context of the primordial contribution v bc , that the baryon-CDM relative velocity modulates the local effective sound speed of the gas through 
Using an excursion-set argument for the fraction of gas collapsed into halos, they estimated that the fractional modulation of the galaxy density scales as v s is, by definition, of the same order of magnitude as the virial velocity of halos with mass M J . Hence, this is expected to be a reasonable estimate at least for low-mass halos which are most affected by the relative velocity between baryons and CDM. We thus obtain
, and hence
where in the first line we have evaluated Eq. (16) at z ∼ 6−7, corresponding to the maximum expected value, and inserted the sound speed for an ideal monatomic gas 2 Unlike the primordial relative velocity v bc , which is set in the initial conditions and is thus to be evaluated at the Lagrangian coordinate corresponding to the given Eulerian position, the Compton drag involves the velocity of the matter fluid which is governed by the Euler equation. Hence, there are no displacement terms such as those present for v bc [19, 20] or in the case of primordial non-Gaussianity [34, 42] .
at T = 10 4 K. Note in the last relation that we set the speed of light c = 1. We emphasize that Eq. (37) is only a rough estimate for galaxies formed during or soon after reionization in low-mass halos (M h ∼ M J ). Thus, b drag could be substantially smaller, in particular for galaxies residing in more massive halos. On the other hand, tracers of diffuse gas such as the Lyα forest could be affected more strongly.
Finally, we can also estimate the coefficient b drag.bc of the cross-term. If the physical processes leading to the dependence on the primordial baryon-CDM relative velocity and the Compton-drag contribution are fully correlated, i.e. they have the same dependence on the local environment of galaxies, then one expects
where we have used Eq. (37) [7, 10, 11, 41, 43] . The estimate in Eq. (38) can be understood as essentially an upper limit. First, the value b bc v 2 ∼ 0.01 is approximately the current upper limit obtained from the BOSS DR12 sample [41, 43] . Second, if the physical processes leading to the modulation of the galaxy density by the primordial relative velocity and Compton drag are not directly related, then the amplitude of modulation of the mixed term v · v bc is expected to be much smaller than the individual quadratic contributions v 2 , (v bc ) 2 . This could well be the case, since the effect of the primordial relative velocity is expected to be strongest before reionization, while Compton drag only appears after the onset of reionization.
B. Pressure and radiative transfer
As we have shown in Sec. II B and Sec. II C, respectively, the effects of pressure forces and radiative transfer on the clustering of galaxies are, in the context of the perturbative bias expansion, captured by so-called higher-derivative contributions. The leading such term is
Note that b ∇ 2 δ has units of length squared. We will report observational constraints on b ∇ 2 δ in the next section. In order to provide an order-of-magnitude estimate, it is useful to consider a set of higher-order terms of the form
Note that this is only a small subset of all higherderivative terms; there are also terms such as (∂ i δ) 2 , as well as others involving derivatives on the tidal field (see Sec. 2.6 in [5] ). However, this subset of terms will suffice in order to illustrate the expected magnitude of higherderivative terms.
The higher-derivative terms considered in this paper originate from non-gravitational effects which modulate the galaxy density in a finite region of size λ, through an expansion of the type Eq. (28) . We thus expect that the bias parameters scale as
where |f | is the overall amplitude of the modulation (note that f could be positive or negative), while λ is the size of the region within which the effects act. In case of pressure forces, this length scale is the Jeans length, λ = λ J , while, if one considers the gas itself as tracer, the amplitude f is of order unity. For the radiative-transfer effects discussed in Sec. II C, the relevant scale is λ = λ ion , the mean free path of ionizing radiation. On the other hand, the amplitude f of the modulation induced by radiative-transfer effects is uncertain. As argued in Sec. II C, one expects the amplitude to be suppressed, f 1, for galaxies residing in halos with mass much higher than the Jeans mass M J . Similarly to Eq. (41), one expects that the coefficient of (∂ i δ)
2 will scale as
and correspondingly for other nonlinear higher-derivative terms. Thus, if several higher-derivative terms can be measured, then the parameters f and λ controlling the higher-derivative contributions can be determined independently. At the level of b ∇ 2 δ alone, there exists a degeneracy between f and λ. In addition, since b ∇ 2 δ can have either sign, there can also be a chance cancelation of different sources of higher-derivative contributions.
IV. CONSTRAINTS FROM THE BOSS DR12 SAMPLE
We now provide constraints on the amplitude of the new terms discussed in this paper from the BOSS collaboration DR12 sample [44, 45] . The galaxy power spectrum measurements we use are described in [46] and [47] and we refer to these papers for details about the measurements. Note that the BOSS sample is highly biased with b 1 ∼ 2 [46] , indicating that the luminous red galaxies (LRG) targeted in this sample reside in massive halos M h ∼ 10
13 M /h [48] . For this reason, following the discussion in Sec. III A, we do not expect particularly strong signatures of the Compton drag, radiative transfer, and primordial baryon-CDM relative velocity in this sample. However, if these halos assembled out of or accreted low-mass halos with M h ∼ M J after reionization, the observable properties of the low-redshift LRG could contain a memory of the reionization effects imprinted on these low-mass halos. Thus, the constraints we provide on these effects can provide interesting clues on the progenitors of the LRG at redshift z ∼ 8 − 20.
We separately constrain the two Compton-drag contributions and the higher-derivative bias b ∇ 2 δ . We have found that allowing for either Compton-drag contribution to be varied simultaneously with the higherderivative bias does not significantly worsen the constraint on b ∇ 2 δ , but does increase the allowed range of b drag , b drag.bc significantly. This is because a change in the low-k power induced by the Compton-drag contributions can be compensated by the change in small-scale power mediated by b ∇ 2 δ to yield a scale-independent change to the galaxy power spectrum, which in turn can be absorbed by a shift in b 1 . This degeneracy is expected to be broken if the galaxy three-point function or bispectrum is included. Further, the data are currently not sufficiently sensitive to distinguish between the Compton-drag and primordial relative-velocity contributions. Thus, we constrain all three contributions individually, and leave meaningful combined constraints using higher-order statistics to future work. Note that the individual constraints allow us to obtain a conservative estimate for possible systematics in the BAO scale induced by the Compton-drag contributions.
A. Compton drag
As we have seen in the previous section, the Comptondrag contribution to the baryon-CDM relative velocity is captured by terms involving the matter velocity v. For the purpose of the galaxy power spectrum including the leading nonlinear correction, there are two additional operators to consider, as given in Eq. (35) . The structure of the new terms in Eq. (35) is very similar to those of the primordial baryon-CDM relative velocity v bc . Hence, the prediction for the 1-loop galaxy power spectrum can be taken from Appendix A of [41] , with the following differences:
1. The terms involving the relative density perturbation δ bc and divergence of the relative velocity θ bc are absent. This is formally obtained by setting b bc δ = 0 = b bc θ in the notation of [41] . Further, the so-called advection terms are absent as well, formally obtained by setting L s = 0.
2. The kernel G u , defined in Eq. (24) of [41] , is modified to
for the quadratic Compton-drag term (∝ b drag ) and the coupling between Compton drag and the primordial relative velocity (∝ b drag.bc ), respectively. Here,
, where T θ bc is the transfer function of the primordial relative velocity divergence defined analogously to Eq. (15), but normalized to unit variance of the relative velocity via Eq. (A6) (see also Eq. (23) and following in [41] ). Fits to the BOSS DR12 combined sample power spectrum multipoles in the low and high redshift bins (0.2 < z < 0.5 and 0.5 < z < 0.75, respectively). The fit includes the monopole and quadrupole between 0.01 < k < 0.15h −1 Mpc and the hexadecapole between 0.01 < k < 0.10h −1 Mpc. All errors in this Table are the marginalised 68% confidence levels, except for the error on the new bias parameters b drag and b drag.bc , where we show both the 68% and 95% confidence levels. The labels NGC and SGC refer to the North and South Galactic Cap, respectively.
Fit to the BOSS DR12 data 0.2 < z < 0.5 0. −1500 −1500 ± 1600 −1200 −1400 ± 1600 −900 −1000 ± 1700 σ Fits to the BOSS DR12 combined sample power spectrum multipoles in the low and high redshift bins (0.2 < z < 0.5 and 0.5 < z < 0.75, respectively) including the higher order derivative bias b ∇ 2 δ . The fit includes the same scales as reported in Table I . All errors in this Table are the marginalised 68% confidence levels, except for the error on b ∇ 2 δ , where we show both the 68% and 95% confidence levels.
Fit to the BOSS DR12 data 0.2 < z < 0. For reference, we explicitly give the complete expression for the 1-loop galaxy power spectrum in App. A. The Compton-drag contributions to the galaxy power spectrum are shown in Fig. 3 . Their different scale dependence compare to the terms in the standard bias expansion allows us to place constraints even after marginalizing over all bias parameters. We compare our model to the BOSS power spectrum monopole, quadrupole and hexadecapole in the wavenumber range 0.01 -0.15 h Mpc −1 for the monopole and quadrupole and 0.01 -0.1 h Mpc −1 for the hexadecapole. In addtion to our parameters of interest b drag , b drag.bc , which we constrain in turn, our fit has 7 free parameters: the BAO and redshift-space distortion scaling parameters α ⊥ , α , f σ 8 ; and the 4 bias and stochastic parameters b 1 , b 2 , σ v , N . For the latter 4 parameters, we allow for independent values for the North Galactic Cap (NGC) and South Galactic Cap (SGC), as these involve slightly different selection functions (see [46] for details). Note that the galaxy samples only differ slightly, and we thus expect the values of b drag , b drag.bc to be similar. Since we are only able to obtain upper limits on these parameters, we refrain from treating the NGC and SGC samples separately, and constrain a single parameter for the entire sample.
The monopole of the best-fit model is shown in Fig. 4 . Note the precision of the data, which constrain the galaxy power spectrum in this range of scales to within a few percent.
All fitting results are summarised in Table I . Fitting this model to the BOSS power spectrum we obtain constraints of b drag = 400 ± 5600 (95% confidence level) and b drag = −35 ± 3100 for the low and high redshift bin, respectively. We see that the 95% confidence interval is about two orders of magnitude larger than the rough order-of-magnitude estimate of the previous sec- for the low and high redshift bin of BOSS, respectively. Again, the observational uncertainties are significantly larger than the maximum expected value of this bias parameter, |b drag.bc | 0.6 [Eq. (38) ].
Thus, the data show no evidence for the presence of modulations due to Compton drag and primordial relative velocity, which is expected given the size of the errors. We will discuss possibilities for future improvements on these constraints in Sec. V.
B. Radiative transfer and pressure
We now turn to constraints on the higher-derivative terms introduced in the galaxy bias expansion by radiative-transfer and pressure effects. Unfortunately, higher-derivative contributions are difficult to constrain from the galaxy power spectrum, as they are partially degenerate with higher-order nonlinear contributions that are not included in the model. For this reason, we only attempt to constrain the leading higher-derivative bias here, b ∇ 2 δ in Eq. (39) . This simply adds a single term to the galaxy power spectrum,
Recall that b ∇ 2 δ has dimension length squared. We have not included the contribution (b ∇ 2 δ ) 2 k 4 P m (k), as it is of the same order as higher nonlinear contributions which we do not include in our model. Given the very different scale dependence compared to the Compton-drag contributions, it is justified to set the latter to zero when constraining b ∇ 2 δ . The remaining parameters are allowed to be free, as described above. The results are given in Table II Mpc. Turning to the interpretation of this result, there is a degeneracy between the amplitude and spatial length scale of the pressure or radiative-transfer modulation, as described in Sec. III B. However, given an assumption on the relevant mean-free path of ionizing radiation, we can turn the constraint on b ∇ 2 δ into a constraint on the amplitude of the modulation by the ionizing background, via Eq. (41):
We see that, for the BOSS DR12 galaxy sample, a modulation within a region of comoving size 50 h due to radiative-transfer effects, has to be of very small amplitude. Of course, in case of a modulation on much smaller spatial scales, the constraint on the amplitude becomes significantly weaker.
V. SUMMARY AND CONCLUSIONS
Reionization is the first and only phase transition in the Universe since recombination, 400,000 years after the Big Bang, and clearly a key event in the history of baryonic matter in the Universe. In this paper, we have investigated the impact of reionization on the large-scale clustering of galaxies, in the context of the perturbative bias expansion (see [5] for a review). We have identified three distinct contributions. The first two, Compton drag and pressure, are due to non-gravitational forces acting on baryons and leading to a relative velocity (and subsequently density) of the baryons with respect to CDM. These two contributions, together with the primordial contribution induced by pre-recombination plasma oscillations, completely describe the scale-and redshiftdependence of the baryon-CDM relative velocity at linear order. The third, radiative transfer , is due to the modulation of the heating and cooling rates of the gas by the local background of ionizing radiation. We have systematically derived the complete contributions of these terms to the nonlinear galaxy bias expansion, and constrained the leading contributions using the BOSS DR12 sample.
The Compton drag due to the motion of the gas relative to the CMB leads to unique contributions to the galaxy density, which involve the velocity of matter directly. In the absence of non-gravitational forces, this term is forbidden by the equivalence principle. However, the CMB corresponds to a locally identifiable preferred frame, with respect to which the velocity is defined. The leading Compton-drag term is b drag v 2 , whose coefficient b drag we have constrained using the BOSS DR12 sample. The constraint, |b drag | 3000 at 95% CL for the high-redshift sample and a factor of 2 worse for the lowredshift sample, is a factor of ∼ 100 larger than the value expected from a rough order-of-magnitude forecast for objects of order the post-reionization Jeans mass. We have also constrained the mixed contribution involving both Compton drag and primordial relative velocity. Again, the constraint is several orders of magnitude above what is expected from a rough estimate. While the constraints on the Compton-drag contributions appear to be much weaker than those on the primordial relative velocity, |b bc v 2 | 0.01 [41, 43] , this is merely due to the essentially arbitrary normalization chosen for v bc ( v at z = 0. We emphasize that, given our constraints, the broad-band amplitude of the Compton-drag contribution to the galaxy power spectrum is small, and higher-order Compton-drag effects will be even smaller. Hence, they do not change the reach of perturbative appraoches to galaxy statistics. Since these contributions have never been considered before, it is also interesting to investigate whether the Compton-drag contributions could shift the BAO feature in the galaxy two-point function which is used as a standard ruler in cosmology. Given our 95% confidence-level constraints, the potential fractional shifts in the transverse and radial BAO scales are found to be limited to 0.01% and 0.1% for b drag and b drag.bc , respectively. On the other hand, the potential bias in the measured growth rate parameter f σ 8 is 0.5% and 3% for b drag and b drag.bc , respectively. The stronger parameter shifts obtained for b drag.bc are presumably due to its scale dependence (cf. Fig. 3 ) which is less degenerate with other nonlinear contributions to the galaxy power spectrum and thus not as easily absorbed by the standard bias parameters. Still, the parameter shifts are well below 0.5σ of the uncertainties of current BOSS DR12 measurements. We stress however that the potential biases in the growth rate are not negligible for next-generation galaxy redshift surveys such as HETDEX, DESI, Euclid, PFS, and WFIRST.
The pressure and radiative-transfer effects are captured by higher-derivative terms. We have constrained the leading representative,
This tightly constrains any large-scale ( 20 h −1 Mpc) modulation by radiativetransfer effects of the progenitors of the BOSS DR12 sample. However, modulations on smaller spatial scales are much less constrained.
In order to disentangle the amplitude and spatial scale of modulations to radiative-transfer effects or pressure forces, subleading higher-derivative contributions also need to be measured (Sec. III B). This is clearly worthwhile, as perturbative approaches to galaxy clustering break down on the spatial scale of the modulation.
As is generally true for bias parameters beyond the linear bias b 1 , we expect significant improvement in the constraints on b drag , b drag.bc , b ∇ 2 δ when combining the galaxy power spectrum with the galaxy three-point function or bispectrum. For the leading, tree-level three-point function, this can immediately be done using the terms given in Sec. III. We leave this for future work.
bc ≡ {v
Here, δ (2) denotes the second-order density field in standard perturbation theory, while operators without superscripts are assumed to be constructed out of linear fields (i.e., δ 2 ≡ (δ Then, the full expression for the 1-loop galaxy power spectrum in redshift space becomes
whereθ ≡ ∇ · v/H is the scaled matter velocity divergence, whileη ≡n inj ∂ i v j /H is the line-of-sight derivative of the line-of-sight velocity. In Fourier space,η(k) = µ 2θ (k) and, at linear order,θ = −f δ. Here, the linear terms are given by
For example, we have
where the transfer functions for the primordial relative density perturbation δ bc and relative velocity divergence θ bc are defined in analogy to T θr (k) through Eq. (15), except that we normalize T θ bc so that
As discussed in Sec. III A, in practice the transfer function for θ bc can be obtained from a pre-reionization output of the relative-velocity tranfer function T θr computed by a Boltzmann code, since the Compton-drag term is absent before reionization. With the exception of the last two terms, the nonlinear terms on the second line of Eq. (A3) can be written as 
where the symmetrized kernels are defined as
and the kernels G O are listed for each operator in Table III . Finally, the last two terms in Eq. (A3) are given by 
Operator O Kernel GO(k1, k2), with µ12 ≡ k1 · k2/(k1k2) δ (2) F2(k1, k2) θ (2) −f G2(k1, k2) δ 
O|Q (k) [Eq. (A7) via Eq. (A8)] to the 1-loop galaxy power spectrum. F2 and G2 are the second order density and velocity kernels, respectively (e.g., [53] ).
Note that the absence of preferred directions apart from the line of sightn ensures that these correlators only depend on k and its angle µ withn.
It is worth noting that Eq. (A3) includes terms such as P O|δη (k) that couple nonlinear redshift-space distortions with nonlinear relative-velocity-induced bias terms. There are corresponding terms for the standard nonlinear bias operators δ 2 , s 2 that are not included in the model of [50, 51] , which therefore do not correspond to the complete expression for the 1-loop galaxy power spectrum in redshift space. However, we do not expect these missing terms to have any impact on the constraints on the Compton drag and primordial relative velocity contributions. Note that [41] found that these constraints are dominated by the power spectrum monopole.
II. THE ADIABATIC DECAYING MODE
Since the local abundance of galaxies in general depends on the entire history of structure formation, all modes of the cosmic density fields (in particular baryons b and CDM c) should be included. One such mode has so far been neglected in the large-scale structure literature, namely the adiabatic decaying mode, whose time dependence is given by H(z). Here, adiabatic means that δ i = δ m , i = b, c. In order to estimate the magnitude of this mode, we write the redshift-dependent matter transfer function as
where 
which allows us to estimate the amplitude of the decaying mode relative to the growing mode from transfer function outputs at two redshifts. Fig. 5 shows the r.h.s. of Eq. (2) for differenct combinations of redshifts (with z 1 > z 2 ).
Note that Eq. (1) neglects the gravitational coupling to all other stress-energy components, in particular radiation and neutrinos. Hence, we do not expect it to exactly describe the transfer function given by Boltzmann codes, especially on scales approaching the comoving horizon where radiation and neutrino contributions are most significant. Given these caveats, we limit Fig. 5 to scales of k 0.01 h Mpc −1 . In order to verify that the result actually corresponds to the desired decaying mode, we also show the result of rescaling the different results to a common redshift ratio of (z 1 = 200, z 2 = 150) using the expected behavior of the decaying mode (assuming matter domination). The approximate match confirms that the adiabatic decaying mode does correspond to the bulk of Eq. (2) .
We see that the decaying mode is strongly suppressed relative to the growing mode already at z 150. Quantitatively, we obtain
where the second approximate equality assumes matter domination. Even at redshift 10, this is only of order 10 −5 . Hence, including the decaying mode in the bias expansion, with a bias coefficient of order one, yields a contribution which is entirely negligible for current and upcoming galaxy surveys.
